In this work, a surface molecular imprinted polymer was developed at the silica surface by the action of ethylene glycol dimethacrylate crosslinking agent with methacrylamide surface grafts. The produced adsorbents were tested for the adsorption of melamine. The adsorption mechanism of melamine was checked by means of adsorption kinetic measurements and inspection of the models governing the adsorption isotherm. The adsorption kinetics followed a pseudo-second order kinetic reaching a maximum adsorption of 2.16 mg g −1
Introduction
Since the tragic scandal, of milk powder contaminated with melamine (MEL) which occurred in China in 2008 [1] , a great deal of vigilance has been taken to monitor the level of melamine in foodstuffs. The adulteration of children's milk with melamine rich in nitrogen, exalts the response of the dosage of protein content by Kjeldahl method. Several efforts have been made to find more effective, more sensitive and quicker methods for controlling the presence of trace amounts of melamine in foodstuffs.
Although recent work exploits new and elaborate techniques for the detection and analysis of melamine present in different matrices, research works for the improvement of conventional techniques continue also to develop nowadays [2] [3] [4] [5] [6] [7] [8] . Chromatographic separation methods are the most largely and commonly used methods for the analysis of melamine. Other analytical tools have been developed and offer interesting advantages in terms of precision and rapidity. But their commercialization remains very limited because they remain costly and somewhat complicated to develop and to use.
The complexity of the sample matrices requires a pretreatment step before chromatographic analysis. This pretreatment serves to concentrate the samples containing ultratraces of the desired analyte and/or to eliminate the majority of matrix components in order to simplify the analysis.
Among multiple known pretreatment methods, SPE is widely used and presents several advantages such as simplicity, rapidity, easiness to automate, minimal consumption of organic solvents, and economical equipment [9] .
In recent years, molecularly imprinted solid phase extraction has been used for the clean-up of samples before 1 3 instrumental analysis [10] . To overcome problems related to total elution of template and easy access of the imprints, surface imprinted polymers were also developed [11, 12] . In a previous work, we have proved the efficiency for such surface imprinted MIP for the extraction of patulin [13] . The thin coatings developed at the surface have allowed good mass transfer and rapid uptake of target molecule. Similarly, we have prepared ultrathin molecular imprinted membranes in the development of sensors for the detection of melamine in milk [14] , or flumequine antibiotic in seawater [15] . The resulting MIP composites acted as receipt material with highly accessible binding sites with faster mass transfer compared to those prepared by conventional bulk polymerization technique.
The theoretical modeling plays a crucial role; it allows providing a detailed description at the atomic/molecular level of the experiments. Modeling of experimental adsorption isotherm data serves to elucidate the mechanisms of adsorption. To the best of our knowledge, only a few works have developed a mechanistic study describing the interaction between melamine and the sorbent matrix by checking the correlation between experimental data and those calculated from known isotherm models [9, 16] . The applied models give parameters related to the degree of the homogeneity or heterogeneity of the binding sites and indicate the manner of arrangement of adsorbed molecules on the surface of the adsorbent. However, the results obtained by simulation using these basic models lack information about the physical meaning of the deduced parameters. Here, we attempt to give new physical interpretations of such adsorption process by using a statistical physics model published before [17] , based on the adsorption energy of binding sites. In this study, a surface molecularly imprinted polymer for melamine was synthesized using silica as support. The data treatment of the adsorption isotherms, gives the average number of the occupied sites related to the average number of adsorbed molecules, considering their adsorption energy parameter. The application of this theoretical approach for materials developed in the present study, has allowed an interpretation of the adsorption process at molecular level. The structural characterization and adsorption performance of the adsorbents were also carried out.
Experimental

Chemicals
Silica gel (70-230 mesh) was used as a support for the preparation of surface imprinted polymer. 3-Aminopropyltriethoxysilane and dichloromethane were obtained from Fluka, methacryloyl chloride was purchased from Sigma-Aldrich, methanol and acetic acid (HAc) from CARLO ERBA and toluene from LOBA Chemie. Melamine standard (≥ 97%, MEL), 2-chloro-4,6-dimethoxy-1,3,5-triazine and ethylenglycol dimethacrylate were purchased from Sigma-Aldrich.
A stock aqueous solution of MEL (100 mg L −1 ) was prepared by dissolving MEL in water and stored at 4 °C in a dark glass bottle. Working standard solutions were freshly prepared by appropriate dilutions of the stock solution using deionized water.
Instrumentation
Infrared spectra were recorded using an EQUINOX 55 FTIR equipment. FTIR spectra of solid samples were collected in transmission mode in the wavenumber range from 400 to 4000 cm −1 . A resolution of 4 cm −1 and a total of 64 scans was applied for the collection of transmission FTIR spectra.
Thermal analysis of different samples was performed using a thermogravimetric analyzer (TG model, TA instruments "TG 209 F1 Libra"). Measurements were carried out on samples of 10-15 mg contained in a crucible. The heating rate was set at 10 °C/min from ambient temperature to 750 °C. Total C and N analyses were carried out with Perkin Elmer CHN-2400 instrument.
Chromatography Measurements
For chromatography analyses, an Agilent-HPLC apparatus equipped with a DAD UV/vis detector was used. The HPLC column was of type 5µ NH 2 100 A° (250 × 4.6 mm, 5 μm). The detection of melamine was done at 208 nm. An isocratic elution solvent containing acetonitrile-water (35: 65, v:v) was applied with a flow rate of 1.0 mL/min at 25 °C.
Synthesis of MIP@SiO 2 and NIP@SiO 2
The scheme illustrating the preparation of organic-inorganic hybrid melamine-imprinted material is presented in Fig. 1 . The MIP@SiO 2 adsorbent phase was prepared by radical polymerization. Silica gel was firstly activated by removing water adsorbed onto silica surface. Activated silica gel (15 g) was transferred into a three-necked flask and dispersed in 80 mL of anhydrous toluene by magnetic stirring for 10 min, and then APTES (12 mL) was added. The reaction was carried out at 110 °C under nitrogen for 72 h. The aminopropyl functionalized silica AP@SiO 2 was filtered, washed twice with methanol to remove the unreacted reagent, and dried in an oven at 60 °C.
To generate methacrylamide groups onto silica gel, 12 g of the functionalized silica AP@SiO 2 , was introduced in 30 mL of anhydrous dichloromethane, then 10 mL of triethylamine was added. Thereafter, a mixture of methacryloyl chloride (62 mmoL) and anhydrous dichloromethane was added. The reaction was carried out at room temperature for 4 h. The obtained product as a white powder (named MA@SiO 2 ) was filtered, washed with dichloromethane and dried in an oven at 60 °C.
The next step consists of synthesizing the specific MEL-imprinted polymer; the template (MEL, 30 mg, 0.25 mmol) was dissolved in 30 mL mixture of methanol (V/V). One gram of MA@SiO 2 bearing functional surface groups (2.16 mmol of MA) was then added. The mixture was stirred at room temperature for 4 h to allow the formation of template-monomer complex. Then, the cross-linker (EGDMA, 1 mL, 1 mmol) and the initiator (AIBN, 17 mg in 2 mL of acetonitrile) were added. The polymerization reaction was carried out at 80 °C under nitrogen control for 1 h. Finally, the obtained material was separated by filtration, washed with methanol and dried in an oven at 85 °C. MEL was removed by Soxhlet extraction with a mixture of methanol and acetic acid (1/9) (V/V) for 48 h. After Soxhlet extraction, the material was placed in SPE cartridge and the absence of template in the washing filtrate was verified by HPLC. The final hybrid material, namely: MIP@SiO 2 was washed with acetone and dried at 80 °C for 24 h and kept in a desiccator until use.
A non-imprinted hybrid sorbent (NIP@SiO 2 ) was prepared under the same manner without addition of the template molecule (MEL).
The synthetic process is illustrated by the schematic diagram shown in Fig. 1 .
Surface-grown polymer formation involving functional monomers immobilized on the surface of the silica particles and the crosslinking agent in solution can lead to an aggregation of particles. In order to overcome this drawback, the polymerization reaction was performed in a diluted medium. The non-aggregation of particles was evidenced by the small size of particles obtained after polymerization (mean size about 475 nm) as measured by laser scattering technique (see Fig. 1 in supplementary material).
Binding Experiments
Adsorption measurements were done with samples prepared as follows: 10 mg of MIP@SiO 2 or NIP@SiO 2 was dispersed in 1 mL of MEL aqueous standard solution at different concentrations ranging between 1 and 20 mg L −1 . The dispersions were mechanically shaken for 1 h at room temperature and then centrifuged at 3500 rpm for 15 min. A 500 µL aliquot of the supernatant was removed and filtered with a Millex-FG 0.45 µM filter unit to remove fine particles and placed into an HPLC vial. The supernatant was measured for the free MEL by HPLC-UV at 208 nm. The adsorption capacity (Q) was calculated according to the following equation (Eq 1): where C 0 and C f are the initial and final concentration of the analyte in the solution, respectively, V is the volume of the solution and m is the mass of the adsorbent.
Adsorption Kinetics
The kinetic study of the imprinted adsorbent was conducted using 10 mg L −1 MEL aqueous solution and 10 mg of adsorbent. The mixture was mechanically shaken for definite time at room temperature and residual MEL concentration was determined by HPLC-UV. Kinetic models were used to elucidate the controlling mechanism of adsorption process. The pseudo-first order rate equation of Langergren and Svenska (Eq 2), is one of the most widely used for the adsorption of solute from a liquid solution [18] .
where q e and q t are the amounts of MEL adsorbed (mg g −1 ) at equilibrium and at time t (min), respectively, and
) is the rate constant of the pseudo-first-order adsorption. The pseudo-second order equation [19] 
Thermogravimetric Analysis
Thermal decomposition patterns of the samples are presented in Fig. 3 . Figure 3a shows the thermogravimetric analysis results of bare silica, that after the first functionalization by grafting of aminopropyl groups (AP@SiO 2 ), and that after grafting of methacryloyl moieties (MA@SiO 2 ). Figure 3b shows the thermal decomposition of MIP@SiO 2 and NIP@SiO 2 samples. Silica gel has shown a distinguishable thermal behavior. It exhibited an abrupt weight loss from the beginning of the heat treatment corresponding to the evaporation of physically adsorbed water molecules retained onto the surface of silica. The further heat treatment resulted in a slow and continuous weight loss related to the dehydration of surface silanols. The AP@SiO 2 displayed two distinct weight losses. The first one takes place at the earliest stage of the heat treatment similar to that observed with bare silica but remains less intense due to partial hydrophobization of the surface of silica. This behavior becomes more evident after further addition of methacryloyl grafts (curve c). The second weight loss observed for both AP@SiO 2 and MA@SiO 2 corresponds to the release of the organic grafts immobilized onto silica. This second weight loss is evidently more important in the case of MA@SiO 2 since it contains additional organic grafts.
The total weight loss observed for MIP@SiO 2 or NIP@ SiO 2 was higher compared to that of MA@SiO 2 due to the supplementary degradation of the grown polymer layer. Similar thermal degradation behavior with the same degradation temperature range was observed for the heat treatment of both MIP@SiO 2 and NIP@SiO 2 . The higher weight loss observed for MIP@SiO 2 (38.6%) compared to that of NIP@SiO 2 sample (30.4%), can be attributed to the further degradation of the contained template molecules in the MIP@SiO 2 and also the difference of polymerization extent.
The grafting density of aminopropyl and of methacrylamide onto silica surface was estimated from the weight loss relative to the release of the organic grafts in AP@SiO 2 and MA@ SiO 2 , respectively, using Eq (4): where G d represents the grafting density of bounded species (mmol g −1 ), P is the weight loss per mass unit of silica (mg g −1 ) and MW is the molecular weight of grafted moiety (g mol −1 ). The calculated grafting degrees are reported in Table 1 .
Elemental Analysis
The grafting density of aminopropyl groups immobilized onto the silica surface was calculated from nitrogen content using the following equation:
where n Ng indicates the number of nitrogen per chain of the grafted component. The grafting degree of methacrylamide was calculated according to Eq (6), taking into account the number of carbons and nitrogen contained in grafting groups.
where n is the number of carbons contained in the methacrylamide chain and m is the number of carbons contained in the aminopropyl chain.
The carbon and nitrogen contents, as well as the calculated grafting degree (G d ) deduced from elemental (EA) and thermogravimetric (TG) analysis for the different samples are given in Table 1 .
Elemental analysis results show the increase of carbon content after the grafting of methacryloyl moiety and also after the polymer growth in the case of NIP@SiO 2 or MIP@ SiO 2 . The presence of MEL in the MIP@SiO 2 sample is responsible of the higher nitrogen content measured for this sample compared to that observed for NIP@SiO 2 .
The grafting degrees of aminopropyl and methacrylamide on the surface of silica were also calculated. As shown in Table 1 , the grafting degrees, calculated from thermogravimetric results were close to those obtained from elemental analysis.
Adsorption Kinetic Study with Both Produced MIP@SiO 2 and NIP@SiO 2 Materials
The adsorption kinetic studies were conducted using MIP@ SiO 2 and NIP@SiO 2 . The obtained adsorption kinetic curves are shown in Fig. 4 . Static adsorption tests were conducted by fixing the contact time at 60 min. This time was considered as sufficient to conveniently conduct the static adsorption tests. The pseudo-first order and pseudo-second order kinetic models were used to fit experimental data. The conformity between experimental data and the model predicted values was expressed by correlation coefficients (R 2 ). The obtained values are reported in Table 2 .
As shown in Table 2 , for the MIP@SiO 2 , the experimental data are best fitted considering a pseudo-second order kinetic equation suggesting that MEL molecules were strongly held onto the binding sites of MIP@SiO 2 by chemical adsorption. For this model, the correlation coefficient R 2 was about 0.99 and the theoretical q e value was close to that obtained from experimental data. However, the experimental q e value obtained with NIP@SiO 2 was close to that calculated considering the pseudo-first order model related to a physical adsorption between adsorbent and analyte, responsible of the non-specific adsorption taking place in this case.
Intraparticle diffusion kinetic model based on the Weber-Morris equation (Eq 7) [20] was also tested in order to investigate the mechanism of the uptake of the analyte by the adsorbent. k di is the rate parameter during stage i (mg g −1 min 1/2 ) extracted from the slope of the straight line of q t against t 1/2 (Fig. 5) . C i is the intercept during stage i, related to the thickness of the boundary layer. The experimental points on the graph q t versus t 1/2 can be related by two linear branches with two different slopes. The first branch of the plot does not pass through the origin, suggesting that intraparticle diffusion is not the single rate-limiting step taking place in the adsorption process [21] . Film diffusion and/or reaction rate, can also have an influence on the control of uptake kinetics. For the observed stages, we can assume that the first step is related to the film diffusion phenomenon, where the template diffuses across the external surface of MIP@SiO 2 . The second step involves an intraparticle diffusion phenomenon, during which the template penetrates deeply into the coated layer. The intraparticle diffusion constants obtained from the slopes and intercepts of Fig. 5 and their regression coefficients R 2 are presented in Table 3 .
Comparing the k di values for the macropore and micropore diffusion stages for MEL onto both materials, it appears that the rate limiting step is the micropore diffusion stage. In fact, the micropore diffusion constants k d2 values were lower than those for the macropore diffusion constants k d1 . The boundary layer effect Ci extracted from the intercept of the second lines from the plots for MIP@SiO 2 and NIP@SiO 2 indicates a greater effect of the micropore, compared to that of the macropore diffusion stage.
Adsorption Isotherms
The adsorption isotherm experiments for MIP@SiO 2 and NIP@SiO 2 were carried out for a range of concentrations of melamine (from 1 to 20 mg L −1 ). The plot representing the variation of the adsorbed quantity Q expressed in milligram of adsorbate per mass unit of adsorbent vs the remaining concentration at equilibrium for each initial concentration, is presented in Fig. 6 . The maximum adsorption capacities of MIP@SiO 2 and NIP@SiO 2 were respectively 2160 µg g −1 and 1179 µg g −1 . Hydrophobic and/or hydrogen bonding interactions could be involved in the adsorption mechanism [22] .
To evaluate the contribution of the active binding sites of the imprinted adsorbent and to estimate the proportion of specific sites versus non-specific ones, imprinting factor was defined as the ratio of the experimental Q max for MIP@SiO 2 to that for NIP@SiO 2 . Table 4 summarize the imprinting factor of MIP@SiO 2 produced in the present work, compared to that of some MEL-MIPs developed by bulk polymerization or surface molecular imprinting technique. As it can be seen in this table, the imprinting factors (IF) obtained from surface produced MIPs are especially smaller than those resulting from bulk ones. This fact is due to the lower binding capacity of thin matrix layer for surface imprints compared to that of the thick bulk MIPs matrices.
In spite of the Langmuir model, the other models such as Freundlich, Langmuir-Freundlich (LF), Freundlich-Jovanovic (FJ), and Radke-Prausnitz (RP) were also mentioned in literature. In our previous work, a monolayer model based on statistical physics [17] was proposed to interpret the binding behavior of the MIPs.
The binding process taking place in the MIP@SiO 2 may involve the formation of a monomolecular layer or a multimolecular layer attached on the surface. In theory, the monolayer bond can achieve promising specific recognition of MIP@SiO 2 over target molecules.
The simplistic model of Langmuir is based on the formation of single monolayer attached to energetically equivalent sites. In contrary, the Freundlich model accounts for the formation of a multilayer not excluding the establishment of intermolecular interactions between adsorbate molecules themselves.
Both Langmuir and Freundlich models were used here after in order to verify at which extent the adsorption taking place is close to one of the two models or whether it involves both at the same time.
Experimental data recorded from adsorption isotherm experiment were first fitted on the basis of the Langmuir model using the following:
where Ce (mol L −1 ) and Q e are the equilibrium concentration of MEL in solution and the amount of MEL adsorbed per gram of sorbent (mol g −1 ) at equilibrium, respectively. Q m (mg g −1 ) is the theoretical saturated adsorption capacity of MEL and K L (L g −1 ) is the Langmuir adsorption equilibrium constant.
The plot of Fig. 7 shows the fitting curve and the obtained experimental values. The inset represents the plot of the linearized form of the Langmuir model.
The Freundlich model, known as the multilayer adsorption model and generally used to account for heterogeneous binding sites in imprinted polymers [24, 27] , was used to fit adsorption data for MIP@SiO 2 according to the Eq. 9, which is a power function of concentration [28] : Table 5 clearly show this conformity. Nevertheless, the index of heterogeneity expressed by the value of the Freundlich constant, m, is below one. This indicates that the adsorption of MEL on the MIP@SiO 2 cannot be described considering only one of the two cited models. The adsorption phenomenon may best be described considering the possibility of the formation of monolayer adsorption with a statistical repartition of the MEL on different sites with slightly different energy.
The monolayer isotherm model based on statistical physics [17] was tested in this case.
Curve fit considering the monolayer isotherm model is illustrated in Fig. 9 for MIP@SiO 2 . The monolayer equation is expressed as follows:
where n is the number of adsorbed molecule(s) per site, N m is the receptor site density, and C 1/2 is the concentration at half saturation. The parameter C 1/2 is related to the adsorption energy as [29, 30] .
where C s is the solubility of the adsorbate in aqueous solution, R is the ideal gas constant, and T is the absolute
temperature. ΔEa is the molar adsorption energy from the dissolved state. The adsorption data were well-described with the monolayer model. For this model, one can note that the adsorption is governed by a law similar to that of Fermi and Dirac [31] since the site is empty or occupied by only one molecule. The energetic parameter C 1/2 is closely related to the adsorption energy level. In earlier work, Khalfaoui et al. [17] showed that for a given concentration value, far from the saturation, the adsorbed quantity is higher for lower C 1/2 values. This implies that the first occupied sites are receptor sites with higher energy, which are easily and more rapidly occupied at first.
The different adsorption parameter values determined by Freundlich, Langmuir and monolayer models are reported in Table 5 . 
Adsorption Entropy Study
The adsorption entropy was calculated for several adsorption quantities according to the following expression (Eq. 12), established on the basis of statistical physics [32] :
The S a vs absorption quantity plot (Fig. 10) shows a curve presenting a maximum at Q = Q max /2.
We notice that the entropy has two different behaviors below and above the half-saturation. Indeed, the entropy increases with the adsorbed quantity before the half-saturation and decreases after this particular point. When the adsorbed quantity is inferior to half-saturation value, the molecule has a number of possibilities to choose a receptor site to be adsorbed on, and therefore the disorder increases at the surface with the adsorbed quantity. After the halfsaturation, the adsorbed molecule has a low probability to choose an adsorbent site since the surface tends to be saturated evolving towards a higher ordered state marked by a decrease of the entropy.
Selectivity Study
The 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT), whose structure is presented in Fig. 11 , was used as an interfering agent in the selectivity study. The results obtained from selectivity tests are presented in Fig. 12 .
The uptake of analytes (MEL or CDMT) was assessed for three concentration values and the results show a good selectivity towards melamine. The difference between the uptake of target analyte MEL and the interfering agent, CDMT, is greater for lower concentrations. The two adsorbed (12) S a k B = Q max ⋅ ln Q max − Q ln Q − Q max − Q ⋅ ln Q max − Q quantities after half saturation are in the same range. More efficient adsorption takes place below the half of saturation concentration.
Conclusion
Melamine imprinted polymer was developed at the surface of silica after grafting of starting polymerization monomer. A characterization of grafted monomers was assessed by infrared spectroscopy, thermogravimetric and elemental analysis. The mechanism of adsorption of melamine by the adsorbent was carefully examined. Two kinetic models were used to investigate the mechanism of the adsorption process. The experimental data of the adsorption isotherm of melamine on the produced adsorbent were correctly fitted using statistical physics model based on the adsorption energy of binding sites. It was found that this model was more accurate to describe the obtained adsorption isotherms.
The MIP@SiO 2 has shown a more efficient uptake of melamine compared to the tested interfering agent. To sum up, this study has conclusively demonstrated the effectiveness of the surface imprinted polymer coating as well as the adaptation of the statistical physics model for the interpretation of the molecular recognition results and adsorption isotherms of hazardous molecules.
